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Abstract
In this work, we systematically investigate the one-loop corrections to tt¯ production in the
littlest Higgs model with T-parity (LHT) at the LHC for
√
s = 8, 14 TeV. We focus on the
effects of LHT particles on tt¯ cross section, polarization asymmetries, spin correlation and charge
asymmetry at the LHC. We also study the top quark forward-backward asymmetry at Tevatron
and its correlations with the LHC observables. We found that: (1) the contributions of the
LHT particles to tt¯ production can only reach about 1% at the 14 TeV LHC. Meanwhile, the
anomalous top quark forward-backward asymmetry at Tevatron is also hardly to be explained
in the LHT model. (2) the parity violating asymmetries in tt¯ production, such as left-right
asymmetry |ALR| and the polarization |Pt| can respectively reach 1.1% and 0.5%, which may
have the potential to provide a signal of LHT at the LHC.
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I. INTRODUCTION
Due to a heavy mass, top quark has been widely considered as a window of unveiling
the new physics at TeV-scale. In particular, the recent anomalous top quark forward-
backward asymmetry observed at the Tevatron [1] may be a strong hint of new physics
beyond the Standard Model(SM) [2], although many measurements from the Tevatron are
consistent with the SM predictions. Besides, because of the small statistics, the study of
top-quark properties is limited at the Tevatron. As a new generation of top quark factory,
the LHC will copiously produce the top events via top pair productions and single top
productions, which provides a good opportunity to scrutinize the top quark properties
and to search the new physics signals[3].
Notwithstanding the SM have been confirmed by the various experiments from the LEP
to the LHC, it still has some drawbacks, such as the hierarchy problem. In order to solve
this problem, the little Higgs model was proposed [4], where the Higgs boson is treated as
a pseudo-Goldstone boson. The littlest Higgs (LH) model[5] is an economical approach to
implement the idea of the little Higgs, however, this model suffers strong constraints from
electro-weak precision tests [6]and will reintroduce the fine-tuning problem in the Higgs
potential[7]. A feasible way to overcome these difficulties is to impose a discrete symmetry
called T-parity[8] in the littlest Higgs model, it prevents the tree-level contribution from
the heavy gauge bosons to the electro-weak observables and also forbids the interactions
that induce the triplet scalars to develop the VEV in the LH model. This resulting model
is referred to as the littlest Higgs model with T-parity (LHT). One aspect of the LHT
phenomenology in top-quark sector is that the top quark can have interactions with the
LHT particles, such as heavy gauge bosons, mirror fermions, and heavy quarks T±. These
new interactions can contribute to the tt¯ production at the loop level.
Since the new particles beyond the SM have not been discovered at the LHC, the scale
of the new physics may be higher than the expected. In this situation, the indirect searches
through the loop effect become important. Furthermore, compared with other light quarks
the produced top quarks can decay before the hadronization, and the spin information
of top quarks will be inherited and manifested by its decay daughters. Therefore, spin
polarization and spin correlation of top quark can be used to probe the mechanisms of top
quarks productions and decays[9], and unveil the new physics[10] related to the top quark.
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In this paper, we calculate the complete one-loop corrections to the process pp → tt¯ in
the LHT at the Tevatron and at the LHC with
√
s = 8 TeV and 14 TeV. We also study
the correlation behaviors among the top quark forward-backward asymmetry, top charge
asymmetry, polarization asymmetry and the spin correlation.
This paper is organized as follows. In Sec.II we give a brief review of the LHT model
related to our work. In Sec.III we calculate the (un)polarized tt¯ production and the
correlation of the observables in the LHT model. Finally, we give our conclusions in
Sec.IV.
II. A BRIEF REVIEW OF THE LHT MODEL
The LHT is a non-linear σ model based on the coset space SU(5)/SO(5), with the
global group SU(5) being spontaneously broken into SO(5) by a 5× 5 symmetric tensor
at the scale f ∼ O(TeV ), the gauged subgroup [SU(2)× U(1)]2 of SU(5) is broken into
the SM gauge group SU(2)L × U(1)Y . From the SU(5)/SO(5) breaking, there arise 14
Goldstone bosons which transform under the electroweak gauge group as follows:
10 ⊕ 30 ⊕ 21/2 ⊕ 3±1. (1)
where the subscripts indicate the hypercharges. We can denote the fields in these four
representations as η, ω,H and φ, respectively. After EWSB, H can be decomposed as
H = (−ipi+√2, (v + h+ ipi0)/2)T . Explicitly, they are described by the “pion” matrix Π,
given by
Π =


−ω0
2
− η√
20
−ω+√
2
−ipi+√
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−iφ++ −iφ+√
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− η√
20
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2
−iφ+√
2
−iφ0+φP√
2
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−√
2
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2
√
4/5η −ipi+√
2
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iφ−− iφ
−√
2
ipi
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−ω0
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− η√
20
−ω−√
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iφ
−√
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iφ0+φP√
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v+h−ipi0
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−ω+√
2
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2
− η√
20


(2)
Where ω±, ω0, η are eaten respectively by 4 new heavy gauge bosons W±H , ZH , AH whose
masses up to O(υ2/f 2) are given by
MWH =MZH = gf(1−
υ2
8f 2
),MAH =
g′f√
5
(1− 5υ
2
8f 2
) (3)
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with g and g′ being the SM SU(2) and U(1) gauge couplings, respectively. In the ’t Hooft-
Feynman gauge, the would-be Goldstone-Boson mass is the same as its corresponding
gauge boson.
When T-parity is implemented in the fermion sector of the model we require the
existence of mirror partners for each of the original fermions. For each SM quark, a copy
of mirror quark with T-odd quantum number is added. We denote them by uiH , d
i
H, where
i= 1, 2, 3 are the generation index, whose masses up to O(υ2/f 2) are given by
mdi
H
=
√
2κif,mui
H
= mdi
H
(1− υ
2
8f 2
) (4)
where κi are the diagonalized Yukawa couplings of the mirror quarks.
In order to cancel the one-loop quadratic divergent radiative corrections to Higgs mass
parameter induced by top quark, an additional heavy T-even partner of the top quark T+
is introduced. The implementation of T-parity then requires its own mirror quark T−,
which is T-odd under T-parity. Their masses up to O(υ2/f 2) are given by
mT+ =
f
v
mt√
xL(1− xL)
[1 +
v2
f 2
(
1
3
− xL(1− xL))] (5)
mT− =
f
v
mt√
xL
[1 +
v2
f 2
(
1
3
− 1
2
xL(1− xL))] (6)
where xL is the mixing parameter between the SM top-quark t and the new top-quark
T+.
In the LHT model, the flavor structure is richer than the one of the SM due to the
presence of the mirror fermions and their weak interactions with the ordinary fermions[11].
The mirror quark sector exists two CKM-like unitary mixing matrices as follows:
VHu, VHd (7)
Note that VHu and VHd are related through the SM CKM matrix:
V †HuVHd = VCKM . (8)
These mirror mixing matrices are involved in the flavor changing interactions between
the SM fermions and the mirror fermions which are mediated by the T-odd gauge bosons
(W±H , ZH, AH) or T-odd Goldstone bosons(ω
±, ω0, η). One cannot completely turn off the
new mixing effects except with a universally degenerate mass spectrum for the T-odd
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mirror fermions. The mixing matrix VHd can be conveniently parameterized, we follow
Ref.[12] to parameterize VHd with three angles θ
d
12, θ
d
23, θ
d
13 and three phases δ
d
12, δ
d
23, δ
d
13 as
follows
VHd =


cd12c
d
13 s
d
12c
d
13e
−iδd12 sd13e
−iδd13
−sd12cd23eiδd12 − cd12sd23sd13ei(δd13−δd23) cd12cd23 − sd12sd23sd13ei(δd13−δd12−δd23) sd23cd13e−iδd23
sd12s
d
23e
i(δd12+δ
d
23) − cd12cd23sd13eiδd13 −cd12sd23eiδd23 − sd12cd23sd13ei(δd13−δd12) cd23cd13

(9)
III. NUMERICAL RESULTS AND DISCUSSIONS
In our calculation, we neglect the high order O(υ2/f 2) terms in the masses of new
particles and the higher order couplings between the scalar triplet Φ and top quark, the
amplitudes are performed at the order O(α2s). In the ’t Hooft-Feynman gauge, we use the
dimensional regularization scheme to regulate the ultraviolet divergences in the virtual
corrections and adopt the on-shell renormalization scheme to remove them. The relevant
Feynman diagrams for process gg → tt¯ and qq¯ → tt¯ in the LHT are depicted in Fig.1. The
black dot and grey ellipse appearing in Figs.1 represent the renormalized vertexes Γˆµgtt¯,
Γˆµgqq¯ and top quark self-energy at one-loop level respectively, whose diagrams are displayed
in Fig.2 and Fig.3. We list the explicit expressions of these amplitudes in Appendix. We
analytically and numerically checked that the divergences in the renormalized vertex and
propagator have been canceled. We also find that there are no divergences in the box
diagrams.
The relevant LHT parameters are the scale f , the mixing parameter xL, the Yukawa
couplings κi and the parameters in the matrices VHu , VHd. For the mirror fermion masses,
we get mui
H
= mdi
H
at O(υ/f) and assume that the masses of the first two generations
are degeneracy.
mu1
H
= mu2
H
= md1
H
= md2
H
=M12, mu3
H
= md3
H
=M3 (10)
For the matrices VHu and VHd, we follow Ref.[16] to choose the following scenario: VHu =
1, VHd = VCKM . In this scenario, the contribution of the mirror quarks will come entirely
from the third family ones and the additional heavy quarks T+, T−. We note that both
of the CMS and ATLAS collaborations have reported their null results of searching for
the fermionic top partner and respectively excluded the masses regions below 557 GeV
5
qq¯
t
t¯
(a)
q
q¯
t
t¯
(b)
t
t¯
t
t¯
t
t¯
t
t¯
t
t¯
t
t¯
t
t¯
t
t¯
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
g
t
t¯
g
g
(c) (d) (e)
(f) (g) (h) (i)
(j) (k) (l) (m)
(uH)dH
T−(T+)
(η, ω0)ω−
η(pi0, h)
(uH)dH
T−(T+)
(AH , ZH)WH
AH(Z)
t
t¯
g
g
t
t¯
g
g
FIG. 1: Feynman diagrams of the one-loop correction to the process pp→ tt¯ in the LHT model.
The black dot and grey ellipse represent the renormalized vertexes Γˆµ
gtt¯
, Γˆµgqq¯ and top quark
self-energy respectively, whose diagrams are displayed in Fig.2 and Fig.3.
[17]and 656 GeV[18] at 95% CL. In our calculations, we scan the parameter regions:
f = 500 ∼ 2000GeV, xL = 0.1 ∼ 0.9,
√
2κi = 0.6 ∼ 3 and require our samples to satisfy
direct search constraints from the LHC and the flavor constraints in Refs.[19]. Since the
new parity violating interactions between top quark and LHT particles can not only affect
the tt¯ production rate but also the spin polarization, we will discuss the LHT corrections
to the (un)polarized top pair production by using the following observables.
(i) For the unpolarized tt¯ production, we calculate the relative corrections for total tt¯
production cross section(δσ/σ), charge asymmetry(AC)[20] at the LHC and the top
quark forward-backward asymmetry(AtFB)[21] at the Tevatron, which are defined
6
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FIG. 2: The effective gtt¯, gqq¯ vertex diagrams at one-loop level in the LHT model.
t t = +
η, ω0, (pi0, h), (η, ω0), (ω+)
T−, (T+), (uH), (dH)
t t
(a)
t t
AH , ZH , (Z), (AH, ZH), (WH)
T−, (T+), (uH), (dH)
(b)
FIG. 3: The effective fermion propagator diagrams at one-loop level in the LHT model.
as:
δσ/σ =
σtot − σSM
σSM
, (11)
AC =
σ(∆|ηt| > 0)− σ(∆|ηt| < 0)
σ(∆|ηt| > 0) + σ(∆|ηt| < 0) , (12)
AtFB =
σ(∆yt > 0)− σ(∆yt < 0)
σ(∆yt > 0) + σ(∆yt < 0)
. (13)
where ∆yt (∆ηt) is the (pseudo)rapidity difference of the top and anti-top quark in
the laboratory frame. In the following, when we calculate AC and AFB, we only
consider the contribution from the interference between the SM and the LHT model.
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(ii) For the polarized tt¯ production, we calculate the spin correlation(δC)[9], the polar-
ization asymmetry(Pt)[22] and the left-right asymmetry(ALR)[22], which are given
by:
C =
(σRR + σLL)− (σRL + σLR)
σRR + σLL + σRL + σLR
, (14)
δC =
Ctot − CSM
CSM
, (15)
Pt =
(σRL + σRR)− (σLR + σLL)
σRL + σRR + σLL + σLR
, (16)
ALR =
σRL − σLR
σRL + σLR
. (17)
Here, the subindices L(R) represent left(λt(t¯) = −1/2) and right-handed(λt(t¯) =
+1/2) top(antitop) quarks, respectively.
The SM parameters input in our numerical calculations are taken as[14]
GF = 1.16637× 10−5GeV−2, s2W = 0.231, αs = 0.1076,
αe = 1/128,MZL = 91.2GeV, mt = 172.9GeV. (18)
Recently the ATLAS and CMS collaborations at the LHC have independently discovered
a Higgs-like resonance with mass about 125 GeV[15]. So we take mh = 125GeV in
our numerical calculations. We use the parton distribution function CTEQ10[13] with
renormalization scale and factorization scale µR = µF = mt. In table I, we give the
dependence of our observables on renormalization/factorization scale by taking µ as µ0/2,
µ0 and 2µ0 respectively. The benchmark point used in the calculation is: f = 1250GeV,
xL = 0.5,
√
s = 14TeV (where AtFB for
√
s = 1.96TeV). From the table, we can see
that the LHT corrections will mildly reduce the scale dependence of LO tt¯ cross section.
For other observables, we find that they have weak dependence on the unphysical scale
because of the cancellation of scale between numerator and denominator.
A. Unpolarized top quark pair production
In Fig.4, we show the LHT correction δσ/σ versus f and xL at the LHC when
√
s =
8, 14 TeV respectively. On the left panel, we can see that the maximum value of the
relative correction to the tt¯ cross section can reach −0.25% for √s = 8 TeV and −0.2%
8
TABLE I: Dependence of observables in tt¯ production on renormalization/factorization scale
with µ0 = mt.
σ(pb) δσ/σ(%) AC(%) A
t
FB(%) δC(%) Pt(%) ALR(%)
µ0/2 595.14 −0.0385 −0.153 −0.173 −0.0416 −0.311 −0.768
µ0 487.38 −0.0385 −0.154 −0.173 −0.0415 −0.310 −0.770
2µ0 416.18 −0.0386 −0.154 −0.174 −0.0416 −0.310 −0.769
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FIG. 4: The relative correction of the top-quark pair production cross section δσ/σ as the
function of f, xL for
√
s = 8 TeV and
√
s = 14 TeV, respectively.
for
√
s = 14 TeV, respectively. We also notice that the process gg → tt¯ are more sensitive
to the LHT particles than qq¯ → tt¯. When the scale f increases, the relative corrections
δσ/σ become small. This indicates that the effects of the LHT particles on tt¯ cross section
will decouple at the high cutoff scale f . Since heavy top quark T+ and T− masses have a
strong dependence on the mixing parameter xL, we can see that when xL tends to 0, the
masses of T+ and T− will become heavy and their contribution is very small. When xL
tends to 1, the masses of T+ will become heavy but the masses of T− will become light.
As a result, the effect of T− will still reside in the tt¯ production. On the right panel of
Fig.4, we can see that the maximum value of the relative correction δσ/σ occurs in the
region of xL ∼ 0.56.
In Fig.5 we show the charge asymmetry AC(tt¯) versus f and xL at the LHC, where
AC(tt¯) only includes the LHT contributions. We can see that the LHT contribution to
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FIG. 5: The top quark charge asymmetry AC(tt¯) as the function of f, xL for
√
s = 8 TeV and
√
s = 14 TeV, respectively. The AC(tt¯) plotted therein correspond to the LHT contributions.
charge asymmetry AC(tt¯) are negative and small for
√
s = 8, 14 TeV. Considering the
uncertainty of tt¯ measurement, we can infer that it will be very difficult to observe the
LHT effects on AC(tt¯) at the LHC[20, 24]. We also notice that since both numerator
and denominator of AC in Eq.(13) decouple with the cutoff scale f , AC(tt¯) has a weak
dependence on the scale f and show a slow decoupling behavior. We checked that when
f was taken very large, the LHT effects on AC(tt¯) will disappear. The similar behavior
can be seen in AtFB in Fig.6.
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FIG. 6: The forward-backward asymmetry in rapidity AtFB as the function of f, xL at the
Tevatron. The AtFB plotted therein correspond to the LHT contributions.
In Fig.6 we show the forward-backward asymmetry AtFB versus f, xL at the Tevatron,
where AtFB only includes the LHT contributions. We can see A
t
FB in the LHT is negative
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and small. So LHT model will be not helpful to alleviate the large discrepancy between
the SM prediction and the measurement of AtFB from Tevatron.
B. Polarized top quark pair production
(i) The correction to the spin correlation
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FIG. 7: The correction to the spin correlation δC as the function of f, xL for
√
s = 8 TeV and
√
s = 14 TeV, respectively.
Recently, the CMS collaboration reported their measurement of the tt¯ spin corre-
lation coefficient C, that is, C = 0.24 ± 0.02(stat.) ± 0.08(syst.) in the helicity
basis[27], which is consistent with the SM predictions. In Fig.7, we show the rela-
tive correction to the spin correlation δC versus f, xL for the LHC with
√
s = 8, 14
TeV, respectively. We can see δC decouple fast with the increase of scale f . The
maximum value of δC can reach −0.5% for √s = 8 TeV and −0.6% for √s = 14
TeV, which is difficult to be detected at the LHC[28].
(ii) Top quark polarization asymmetry
In Fig.8 we show the polarization asymmetry Pt versus f, xL for the LHC with
√
s = 8, 14 TeV, respectively. From Fig.8, we can see the large effects come from
the region of small f and large xL. Comparing with the results of
√
s = 8 TeV, we
can see that the Pt is enhanced greatly for
√
s = 14 TeV. The maximum value of Pt
can respectively reach about −0.3% for √s = 8 TeV and about −0.5% for √s = 14
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FIG. 8: The top quark polarization asymmetry Pt as the function of f, xL for
√
s = 8 TeV and
√
s = 14 TeV, respectively.
TeV. Compared to |Pt| = 0.5% predicted in the SM at the 14 TeV LHC[29], the tt¯
polarization asymmetries in the LHT model may be accessible at the LHC.
(iii) Top quark left-right asymmetry
400 600 800 1000 1200 1400 1600 1800 2000
-1.1
-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
 
 
 8TeV
 14TeV
f(GeV)
A L
R
(%
) 
0.2 0.4 0.6 0.8
-1.1
-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
 
 
 8TeV
 14TeV
XL
A L
R
(%
) 
FIG. 9: The top quark left-right asymmetry ALR as the function of f, xL for
√
s = 8 TeV and
√
s = 14 TeV, respectively. The ALR plotted therein correspond to the LHT contributions.
In Fig.9, we show the left-right asymmetry ALR versus f, xL for the LHC with
√
s = 8, 14 TeV. We can see that ALR can maximally reach about −0.8% and
about −1.1% for √s = 8, 14 TeV respectively. In order to estimate the statistical
observability of ALR, we use the significance NS defined in Refs.[22] and find that the
maximal significance of ALR can be 3σ for
√
s = 8 TeV and 9.3σ for
√
s = 14 TeV
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with an assumption of integrated luminosity L = 5.0fb−1. It has also been pointed
in Ref.[22] the appropriate cuts on tt¯ invariant mass and on the angle between the
lepton and top quark can further enhance the significance at the LHC. Therefore,
the left-right asymmetries in tt¯ production may have the potential to probe LHT
at the LHC and may deserve further studies by including the top quark deay and
detector response.
C. The correlation of the observables in tt¯ production
In Fig.10, we present the correlations among δC, δσ/σ, AC(tt¯), Pt and ALR at the LHC
with
√
s = 8 TeV and
√
s = 14 TeV. We can see that the correlation behaviors of these
observables at
√
s = 8 TeV are similar to the ones at
√
s = 14 TeV. Since the new chiral
interactions can simultaneously affect δC, Pt and ALR, we can see that there is strong
correlation among the three observables. Besides, we notice that correlation among δC,
Pt and ALR in LHT model are different from those in other new physics models, such as
axigluon model, left-right symmetric models[30]. So we can use these correlation behaviors
to distinguish the LHT model from other new physics models.
IV. CONCLUSIONS
In this paper, we systematically studied the one-loop LHT corrections to tt¯ production
at the LHC for
√
s = 8, 14 TeV. We presented the numerical results for the relative correc-
tion to tt¯ cross section, polarization asymmetries, spin correlation and charge asymmetry
at the LHC. Besides, we also investigated the top quark forward-backward asymmetry at
Tevatron and its correlations with the LHC observables. We found that the effects of the
LHT particles are significant only when they are light and the largest relative correction
from these particles to tt¯ production can only reach about 1%. So it will be difficult to
observe such small loop-induced LHT effects through the measurement of tt¯ cross sec-
tion at the LHC. Meanwhile, the anomalous top quark forward-backward asymmetry at
Tevatron is also hardly to be explained in the LHT model. However, we noticed that
the contribution from LHT to left-right asymmetry |ALR| and the polarization |Pt| can
respectively reach 1.1% and 0.5%, compared to |ALR| = 1.2%[29] and |Pt| = 0.5% within
13
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FIG. 10: The correlations between δC and δσ/σ,AC (tt¯), Pt, ALR for
√
s = 8 TeV and
√
s = 14
TeV, respectively.
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the SM at the 14 TeV LHC. These parity violating asymmetries in tt¯ production may have
the potential to probe LHT at the LHC and may deserve further studies by including the
top quark decay and detector response and optimizing the cuts on tt¯ invariant mass and
on the angle between the lepton and top quark to enhance the significance at the LHC.
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Appendix: The explicit expressions of the renormalized vertex Γˆµ
gff¯
and the
renormalized propagator −iΣˆf (p) [31]
They can be represented in form of 1-point, 2-point and 3-point standard functions
A,B0, B1, Cij. Here pt and p
′
t denote the momenta of the top and antitop respectively,
and they are assumed to be outgoing.
(I)Renormalization vertex
f¯
f
f¯ f¯
f f
= +g, µ
Γˆµ
gff¯
= Γµ
gff¯
− ieQfγµ(δZfV − γ5δZfA −
SW
2CW
δZZA) + ieγ
µ(vf − afγ5)1
2
δZZA
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where
vf ≡
I3f − 2QfS2W
2CWSW
, af ≡
I3f
2CWSW
δZZA = 2
ΣAZT (0)
M2ZL
δZfL = ReΣ
f
L(m
2
f ) +m
2
f
∂
∂P 2f
Re[ΣfL(P
2
f ) + Σ
f
R(P
2
f ) + 2Σ
f
S(P
2
f )]|P 2f=m2f
δZfR = ReΣ
f
R(m
2
f) +m
2
t
∂
∂P 2f
Re[ΣfL(P
2
f ) + Σ
f
R(P
2
f ) + 2Σ
f
S(P
2
f )]|P 2f=m2f
δZfV =
1
2
(δZfL + δZ
f
R), δZ
f
A =
1
2
(δZfL − δZfR)
ΓˆLHT,µgtt¯ = Γˆ
µ
gtt¯(η) + Γˆ
µ
gtt¯(ω
0) + Γˆµgtt¯(ω
±) + Γˆµgtt¯(pi
0) + Γˆµgtt¯(h)
+ Γˆµgtt¯(AH) + Γˆ
µ
gtt¯(ZH) + Γˆ
µ
gtt¯(W
±
H ) + Γˆ
µ
gtt¯(Z)
ΓˆµuHη =
g′2gsT aαβ(VHu)
∗
i3(VHu)i3
100M2AH
i
16pi2
{m2uHγαγµγβCαβPL +m2uH (/p′t + /pt)γµγαCαPL +m2tγαγµγβCαβPR
+m2t (/p
′
t + /pt)γ
µγαCαPR −m2uHmtγαγµCαPR −m2uHmt(/p′t + /pt)γµC0PR
−m2uHmtγαγµCαPL −m2uHmt(/p′t + /pt)γµC0PL −m2uHmtγµγαCαPR
−m2uHmtγµγαCαPL +m4uHγµC0PL +m2uHm2tγµC0(p′t, pt, muH , mη, muH)PR
+γµ[m2tB1PL +m
2
uH
B1PR +
1
2
(m2t +m
2
uH
)B0(−pt, muH , mη)
+
1
2
(m2t +m
2
uH
)(m2t +m
2
uH
−m2η)
∂
∂p2t
B0 − 2m2tm2uH
∂
∂p2t
B0]} (19)
ΓˆµuHω0 =
g2gsT
a
αβ(VHu)
∗
i3(VHu)i3
4M2ZH
i
16pi2
{m2uHγαγµγβCαβPL +m2uH (/p′t + /pt)γµγαCαPL +m2tγαγµγβCαβPR
+m2t (/p
′
t + /pt)γ
µγαCαPR −m2uHmtγαγµCαPR −m2uHmt(/p′t + /pt)γµC0PR
−m2uHmtγαγµCαPL −m2uHmt(/p′t + /pt)γµC0PL −m2uHmtγµγαCαPR
−m2uHmtγµγαCαPL +m4uHγµC0PL +m2uHm2tγµC0(p′t, pt, muH , mω0 , muH )PR
+γµ[m2tB1PL +m
2
uH
B1PR +
1
2
(m2t +m
2
uH
)B0(−pt, muH , mω0)
+
1
2
(m2t +m
2
uH
)(m2t +m
2
uH
−m2ω0)
∂
∂p2t
B0 − 2m2tm2uH
∂
∂p2t
B0]} (20)
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ΓˆµdHω± =
g2gsT
a
αβ(VHu)
∗
i3(VHu)i3
2M2WH
i
16pi2
{m2dHγαγµγβCαβPL +m2dH (/p′t + /pt)γµγαCαPL +m2tγαγµγβCαβPR
+m2t (/p
′
t + /pt)γ
µγαCαPR −m2dHmtγαγµCαPR −m2dHmt(/p′t + /pt)γµC0PR
−m2dHmtγαγµCαPL −m2dHmt(/p′t + /pt)γµC0PL −m2dHmtγµγαCαPR
−m2dHmtγµγαCαPL +m4dHγµC0PL +m2dHm2tγµC0PR(p′t, pt, muH , mω± , muH)
+γµ[m2tB1PL +m
2
dH
B1PR +
1
2
(m2t +m
2
dH
)B0(−pt, muH , mω±)
+
1
2
(m2t +m
2
dH
)(m2t +m
2
dH
−m2ω±)
∂
∂p2t
B0 − 2m2tm2dH
∂
∂p2t
B0]} (21)
ΓˆµT−η =
4g′2m2t
25M2AH
f 2
v2
[1− v
2
f 2
(
x2L
2
+
1
6
)]2gsT
a
αβ
i
16pi2
{γαγµγβCαβPR + (/p′t + /pt)γµγαCαPR +m2T−γµC0(p′t, pt, mT−, mη, mT−)PR
+γµ[B1PL +
1
2
B0 +
1
2
(m2t +m
2
T− −m2η)
∂
∂p2t
B0(−pt, mT− , mη)]} (22)
ΓˆµT−ω0 =
g2m2t
4M2ZH
(
v
f
)2gsT
a
αβ
i
16pi2
{γαγµγβCαβPR + (/p′t + /pt)γµγαCαPR +m2T−γµC0(p′t, pt, mT− , mω0 , mT−)PR
+γµ[B1PL +
1
2
B0 +
1
2
(m2t +m
2
T− −m2ω0)
∂
∂p2t
B0(−pt, mT−, mω0)]} (23)
ΓˆµT+pi0 =
g2x2L
4M2Z cos
2 θ
(
v
f
)2gsT
a
αβ
i
16pi2
{m2T+γαγµγβCαβPL +m2T+(/p′t + /pt)γµγαCαPL +m2tγαγµγβCαβPR
+m2t (/p
′
t + /pt)γ
µγαCαPR −m2T+mtγαγµCαPR −m2T+mt(/p′t + /pt)γµC0PR
−m2T+mtγαγµCαPL −m2T+mt(/p′t + /pt)γµC0PL −m2T+mtγµγαCαPR
−m2T+mtγµγαCαPL +m4T+γµC0PL +m2T+m2tγµC0(p′t, pt, mT+, mpi0 , mT+)PR
+γµ[m2tB1PL +m
2
T+B1PR +
1
2
(m2t +m
2
T+)B0(−pt, mT+ , mpi0)
+
1
2
(m2t +m
2
T+)(m
2
t +m
2
T+ −m2pi0)
∂
∂p2t
B0 + 2m
2
tm
2
T+
∂
∂p2t
B0]
+γµ[m2tB1PL +m
2
T+B1PR +
1
2
(m2t +m
2
T+)B0
+
1
2
(m2t +m
2
T+)(m
2
t +m
2
T+ −m2pi0)
∂
∂p2t
B0 + 2m
2
tm
2
T+
∂
∂p2t
B0]} (24)
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ΓˆµT+h = m
2
t gsT
a
αβ
i
16pi2
{ c
2
λ
s2λv
2
γαγµγβCαβPL +
c2λ
s2λv
2
(/p′t + /pt)γ
µγαCαPL +
s4λ
f 2
γαγµγβCαβPR
+
s4λ
f 2
(/p′t + /pt)γ
µγαCαPR − cλmT+sλ
vf
γαγµCαPR − cλmT+sλ
vf
(/p′t + /pt)γ
µC0PR
−cλmT+sλ
vf
γαγµCαPL − cλmT+sλ
vf
(/p′t + /pt)γ
µC0PL − cλmT+sλ
vf
γµγαCαPR
−cλmT+sλ
vf
γµγαCαPL +
c2λm
2
T+
s2λv
2
γµC0PL +m
2
T+
s4λ
f 2
γµC0(p
′
t, pt, mT+ , mh, mT+)PR
+γµ[
s4λ
f 2
B1PL +
c2λ
s2λv
2
B1PR +
1
2
(
s4λ
f 2
+
c2λ
s2λv
2
)B0(−pt, mT+ , mh)
+
1
2
(
s4λ
f 2
+
c2λ
s2λv
2
)(m2t +m
2
T+ −m2h)
∂
∂p2t
B0 − 2s
4
λ
f 2
m2T+
∂
∂p2t
B0]} (25)
ΓˆµuHAH =
g′2gsT aαβ(VHu)
∗
i3(VHu)i3
100
i
16pi2
{2γσγµγλCλσPL
+2γµPL − γρ(/p′t + /pt)γµγλγρCλPL + 2m2uHγµC0(p′t, pt, muH ,MAH , muH)PL
+γµ[2B1PR +B0 + (m
2
t +m
2
uH
−M2AH )
∂
∂p2t
B0(−pt, muH ,MAH )− PL]} (26)
ΓˆµuHZH =
g2gsT
a
αβ(VHu)
∗
i3(VHu)i3
4
i
16pi2
{2γσγµγλCλσPL
+2γµPL − γρ(/p′t + /pt)γµγλγρCλPL + 2m2uHγµC0(p′t, pt, muH ,MZH , muH )PL
+γµ[2B1PR +B0 + (m
2
t +m
2
uH
−M2ZH )
∂
∂p2t
B0(−pt, muH ,MZH )− PL]} (27)
ΓˆµdHWH =
g2gsT
a
αβ(VHu)
∗
i3(VHu)i3
2
i
16pi2
{2γσγµγλCλσPL
+2γµPL − γρ(/p′t + /pt)γµγλγρCλPL + 2m2dHγµC0(p′t, pt, mdH ,MWH , mdH )PL
+γµ[2B1PR +B0 + (m
2
t +m
2
dH
−M2WH )
∂
∂p2t
B0(−pt, mdH ,MWH )− PL]} (28)
ΓˆµT−AH =
4g′2gsT aαβ
25
i
16pi2
{2γσγµγλxLCλσPR + 2xLγµPR + 2γλγµ(/p′t + /pt)xLCλ(p′t, pt, mT−,MAH , mT−)PR
−8mT−xL
√
xL
v
f
Cµ − 4(p′t + pt)µmT−xL
√
xL
v
f
C0 + 2m
2
T−xLγ
µC0PR
+γµ[2xLB1PL + xLB0 + xL(m
2
t +m
2
T− −M2AH )
∂
∂p2t
B0 − PL
−8xL√xL v
f
mtmT−
∂
∂p2t
B0 − ∂
∂p2t
B0(−pt, mT−,MAH )− xLPR]} (29)
18
ΓˆµT+Z =
g2gsT
a
αβx
2
L
4 cos2 θ
v2
f 2
i
16pi2
{2γσγµγλCλσPL + 2γµPL
−γρ(/p′t + /pt)γµγλγρCλPL + 2m2T+γµC0(p′t, pt, mT+ ,MZ , mT+)PL
+γµ[4B1PR + 2B0 + 2(m
2
t +m
2
T+ −m2Z)
∂
∂p2t
B0(−pt, mT+ ,MZ)− 2PL]} (30)
(II)Renormalization fermion propagator
= +
f f
p p
−iΣˆf (p) = −iΣf (p) + (−iδΣf (p))
where
Σf (p) = mfΣ
f
S(p
2) + /pPLΣ
f
L(p
2) + /pPRΣ
f
R(p
2)
δΣf (p) = δmf +mf
1
2
δZfL +mf
1
2
δZfR − /pPLδZfL − /pPRδZfR
δmf = −mfRe[ΣfS(m2f) +
1
2
ΣfL(m
2
f) +
1
2
ΣfR(m
2
f )]
δZfL = ReΣ
f
L(m
2
f ) +m
2
f
∂
∂p2
Re[ΣfL(p
2) + ΣfR(p
2) + 2ΣfS(p
2)]|p2=m2
f
δZfR = ReΣ
f
R(m
2
f ) +m
2
f
∂
∂p2
Re[ΣfL(p
2) + ΣfR(p
2) + 2ΣfS(p
2)]|p2=m2
f
Σˆt = Σˆt(η) + Σˆt(ω0) + Σˆt(ω±) + Σˆt(pi0) + Σˆt(h) + Σˆt(AH) + Σˆ
t(ZH) + Σˆ
t(W±H ) + Σˆ
t(Z)
−iΣˆηuH (p) = −g
′2(VHu)∗i3(VHu)i3
100M2AH
i
16pi2
{m2uH /ptB1PL +m2t /ptB1PR +mtm2uHB0(−pt, muH , mη)
−mtm2uHB0 +m3t
∂
∂p2t
(m2uHB1 +m
2
tB1 + 2m
2
uH
B0)
−/ptPL[m2uHB1 +m2t
∂
∂p2t
(m2uHB1 +m
2
tB1 + 2m
2
uH
B0)]
−/ptPR[m2uHB1 +m2t
∂
∂p2t
(m2uHB1 +m
2
tB1 + 2m
2
uH
B0)]} (31)
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−iΣˆω0uH (p) = −g
′2(VHu)∗i3(VHu)i3
100M2AH
i
16pi2
{m2uH /ptB1PL +m2t /ptB1PR +mtm2uHB0(−pt, muH , mω0)
−mtm2uHB0 +m3t
∂
∂p2t
(m2uHB1 +m
2
tB1 + 2m
2
uH
B0)
−/ptPL[m2uHB1 +m2t
∂
∂p2t
(m2uHB1 +m
2
tB1 + 2m
2
uH
B0)]
−/ptPR[m2uHB1 +m2t
∂
∂p2t
(m2uHB1 +m
2
tB1 + 2m
2
uH
B0)]} (32)
−iΣˆω±dH (p) = −g
′2(VHu)∗i3(VHu)i3
100M2AH
i
16pi2
{m2dH /ptB1PL +m2t /ptB1PR +mtm2dHB0(−pt, mdH , mω±)
−mtm2dHB0 +m3t
∂
∂p2t
(m2dHB1 +m
2
tB1 + 2m
2
dH
B0)
−/ptPL[m2dHB1 +m2t
∂
∂p2t
(m2dHB1 +m
2
tB1 + 2m
2
dH
B0)]
−/ptPR[m2dHB1 +m2t
∂
∂p2t
(m2dHB1 +m
2
tB1 + 2m
2
dH
B0)]} (33)
−iΣˆηT−(p) = −( 2g
′mtf
5MAHv
)2
i
16pi2
[1− v
2
f 2
(
x2L
2
+
1
6
)]2[/ptB1PR
+m3t
∂
∂p2t
B1 − /ptPLm2t
∂
∂p2t
B1 − /ptPR(B1 +m2t
∂
∂p2t
B1)(−pt, mT−, mη)] (34)
−iΣˆω0T−(p) = −( gmtf
2MZHv
)2
i
16pi2
[/ptB1PR +m
3
t
∂
∂p2t
B1 − /ptPLm2t
∂
∂p2t
B1 − /ptPRB1(−pt, mT−, mω0)] (35)
−iΣˆpi0T+(p) = − g
2x2Lv
2
4M2Z cos
2 θf 2
i
16pi2
{m2T+/ptB1PL +m2t /ptB1PR +mtm2T+B0(−pt, mT+, mpi0)
−mtm2T+B0 +m3t
∂
∂p2t
(m2T+B1 +m
2
tB1 + 2m
2
T+B0)
−/ptPL[m2T+B1 +m2t
∂
∂p2t
(m2T+B1 +m
2
tB1 + 2m
2
T+B0)]
−/ptPR[m2T+B1 +m2t
∂
∂p2t
(m2T+B1 +m
2
tB1 + 2m
2
T+B0)]} (36)
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−iΣˆhT+(p) = m2t
i
16pi2
{ xL
(1− xL)v2 /ptB1PL −
(1− xL)2
f 2
/ptB1PR
−sλ
√
xLmT+
fv
B0 +
sλ
√
xLmT+
fv
B0(−pt, mT+ , mh)
+mt
∂
∂p2t
[
xLm
2
t
(1− xL)v2B1 −
(1− xL)2m2t
f 2
B1 −
2sλ
√
xLmT+mt
fv
B0] (37)
−/ptPL[ xL
(1− xL)v2B1 +
∂
∂p2t
[
xLm
2
t
(1− xL)v2B1 −
(1− xL)2m2t
f 2
B1 − 2sλ
√
xLmT+mt
fv
B0]
−/ptPR[ xL
(1− xL)v2B1 +
∂
∂p2t
[
xLm
2
t
(1− xL)v2B1 −
(1− xL)2m2t
f 2
B1 − 2sλ
√
xLmT+mt
fv
B0]}
−iΣˆAHuH(p) = −g
′2(VHu)∗i3(VHu)i3
100
i
16pi2
[2/pt(B1 +
1
2
)PL
+2m3t
∂
∂p2t
B1 − 2/ptPL(B1 + 1
2
+m2t
∂
∂p2t
B1)− 2/ptPRm2t
∂
∂p2t
B1(−pt, muH ,MAH )] (38)
−iΣˆZHuH (p) = −g
2(VHu)
∗
i3(VHu)i3
4
i
16pi2
[2/pt(B1 +
1
2
)PL
+2m3t
∂
∂p2t
B1 − 2/ptPL(B1 + 1
2
+m2t
∂
∂p2t
B1)− 2/ptPRm2t
∂
∂p2t
B1(−pt, muH ,MZH )] (39)
−iΣˆWHdH (p) = −g
2(VHu)
∗
i3(VHu)i3
2
i
16pi2
[2/pt(B1 +
1
2
)PL
+2m3t
∂
∂p2t
B1 − 2/ptPL(B1 + 1
2
+m2t
∂
∂p2t
B1)− 2/ptPRm2t
∂
∂p2t
B1(−pt, mdH ,MWH )](40)
−iΣˆZT+(p) = − g
2x2Lv
2
4 cos2 θf 2
i
16pi2
[2/pt(B1 +
1
2
)PL
+2m3t
∂
∂p2t
B1 − 2/ptPL(B1 + 1
2
+m2t
∂
∂p2t
B1)− 2/ptPRm2t
∂
∂p2t
B1(−pt, mT+ ,MZ)] (41)
−iΣˆAHT−(p) = −4g
′2
25
i
16pi2
{2x2L
v2
f 2
/pt(B1 +
1
2
)PL + 2xL/pt(B1 +
1
2
)PR
+2m3t
∂
∂p2t
[x2L
v2
f 2
B1 + xLB1 + 4xL
√
xL
v
f
mT−
mt
B0(−pt, mT−,MAH )]
−2/ptPL[x2L
v2
f 2
(B1 +
1
2
) +m2t
∂
∂p2t
(x2L
v2
f 2
B1 + xLB1 + 4xL
√
xL
v
f
mT−
mt
B0)]
−2/ptPR[x2L
v2
f 2
(B1 +
1
2
) +m2t
∂
∂p2t
(x2L
v2
f 2
B1 + xLB1 + 4xL
√
xL
v
f
mT−
mt
B0)]} (42)
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